ABSTRACT DNA is not the static entity that structural pictures suggest. It has been longly known that it 'breathes' and fluctuates by local opening of the bases. Here we show that the effect of structural fluctuations, exhibited by AT-rich low stability regions present in some common transcription initiation regions, influences the properties of DNA in a distant range of at least 10 bp. This observation is confirmed by experiments on genuine gene promoter regions of DNA. The spatial correlations revealed by these experiments throw a new light on the physics of DNA and could have biological implications, for instance by contributing to the cooperative effects needed to assemble the molecular machinery that forms the transcription complex.
INTRODUCTION
The dynamical opening of intermittent flexible single stranded domains along the double stranded DNA molecule is an intriguing phenomenon involved in many biological processes: as shown by key structural studies (1, 2) , unwinding the double helix and local specific bubble formation are prerequisites for both DNA replication and gene transcription.
Moreover, many DNA-molecule interactions are also affected by the dynamics of the base pairs. For instance, NMR studies reveal that antitumor DNA binder drugs like nogalamycin require a dynamical transient opening of the base pairs to allow their docking and binding (3) . The kinetics of base-pair opening dynamics has been well described by following the exchange of protons from imino groups with water (4) , showing that particular regions of the helix open by the action of thermal fluctuations, and suggesting the importance of sequence effects in the opening of particular tracks (5) . Experimental observations prove that DNA 'breathing' is particularly strong in AT-rich regions that exhibit premelting phenomena starting at physiological temperatures (6) (7) (8) (9) .
While the importance of DNA fluctuational openings is well recognized, it is generally assumed that its effects are local, i.e. that they concern only the base pairs involved in the opening or next to it. Our results definitely change this view, showing that the stability and structural evolution of regions situated at some distance along a DNA molecule are also affected.
As shown schematically in Figure 1 , in this work we answer the following question: 'does an AT-rich domain, prone to opening, influence the properties of DNA in neighboring regions, and, if so, how far along the helix? ' The study has been conducted both on sequences specially designed to allow a quantitative answer, and in natural gene promoter fragments to show the potential relevance in biology.
MATERIALS AND METHODS
Principle of the UV laser biphotonic photolysis method to detect local structural stability of DNA This original method takes advantage of the specific oxidation chemistry of the guanine bases to turn each guanine site of a DNA sequence into a local probe of the helicoidal stacking in its vicinity. The method proceeds in two main steps: a DNA solution at the temperature of interest is first irradiated by a single high intensity UV laser pulse; then the sample is analyzed with standard biochemical methods to determine the outcome of the irradiation at each guanine site.
Guanines are the primary target for the one-electron oxidation of DNA, which is achieved by a high intensity 266 nm UV laser pulse, through a bi-photonic absorption process (10, 11) . This generates nucleobases radical cations, which evolve by hole transport processes dependent on the helicoidal stacking. Holes are trapped by guanines possessing the lowest oxidative potential (10, (12) (13) (14) . As shown in the Supplementary Figure S1 , there are two dominant pathways of G+ transformation, leading to 8-oxo-7,8-dihydro-2-oxoguanine (8-oxodG) or oxazolone.
Moreover, the irradiation may also lead to inter-strand cross-linking of the GC pair, which provides an independent assessment of the local fluctuational opening of DNA that is discussed in the next section.
While oxazolone is the unique product resulting from one-electron oxidation of the free 2 0 -deoxyguanosine, 8-oxodG appears as soon as the nucleoside is incorporated in a helical structure. Hence, the measurement of the relative yield of these photoproducts provides an information on the local conformation and fluctuations of DNA. It is based on the cleavage of the DNA molecule by either formamidopyrimidine DNA glycosylase (Fpg protein) that acts preferentially at 8-oxodG sites or piperidine that acts preferentially at oxazolone sites.
It is noteworthy that the relative yield ratio R Fpg /R pip is high in stable regions of DNA and decreases in regions where the helical structure is destabilized. As a result, the variation of R Fpg /R pip at each guanine site as a function of temperature has been found to follow the decay of the degree of helicoidal status and pairing probability of the bases as the melting of the duplex proceeds (15) , but, instead of a global melting curve of a given sequence, it provides a measure of the local stability of the GC pairs. The value of the ratio R Fpg /R pip given by one particular guanine depends on the sequence of the neighboring sites (14) . We paid a particular attention to this point in the selection of the sequences. Probes that carry the same label, such as G 1 , G 2 , correspond to guanines surrounded by the same adjacent base pairs. However, due to the sensitivity of the radical cation transformation pathway to the local sequence, comparisons of this ratio at different sites can only be used for a qualitative comparison between these sites. On the contrary, variations at a particular site, caused for instance by a temperature change, are quantitatively significant, with an accuracy that can be assessed by the dispersion of the data when the experience is reproduced several times in the same conditions.
Finally note that both temperature and sequence effects are not negligible in the electronic transfer mechanism underlying DNA oxidation (16) . However, this does not affect the value of the chemical reactivity ratio R Fpg /R pip , as we are in single-hit ionization events per DNA fragment conditions and the radical cation transformation pathway is independent on how it is generated (14) . Moreover, we are comparing the ionization in particular guanine probes surrounded by exactly the same bases. By probe we do not designate simply a guanine but also its environment. Our specially designed sequences conserve the following motif around the detection probe atacGat (sequences S1 to S3). And we managed to have found a consensus probe acGat in the real/biological sequences studied.
DNA-DNA crosslinking. The chemical basis of this method allows an independent cross-check. In addition to the two oxidative lesions that we detect, ionized Guanines also give rise to inter-strands adducts (cross links) with the complementary cytosine, which are extremely sensitive to the GC mutual position [A similar variation of this method has already been exploited in studying the TRF2-assisted strand invasion with telomeric DNA sequences in (17)]. Measuring the yield of cross linking at individual guanine sites versus temperature provides a complementary measurement of the local closing probability. We have exploited this technique to confirm the main results reported here (see more technical notes in the Supplementary Data).
Experimental details
Oligonucleotides. HPLC purified commercial oligonucleotides were purchased from Eurogentec. The sequences have been specifically designed (S1 to S3) or taken from promoter fragments in Escherichia coli and Yersinia pestis (sequences S4, S5) and then completed by GC-rich terminal regions (white boxes in Figure 2 ) to stabilize the double helix. Oligonucleotides (10 pmol) ( Figure 2 , upper strands) were 5 0 -labeled by [gÀ 32 P]ATP in the presence of polynucleotide kinase. The labeled oligonucleotide was then annealed with an excess (2Â) of its complementary strand, treated by Fpg to cleave background oxidative lesions, and gel purified using denaturing polyacrylamide (15% acrylamide and 8M urea) gel electrophoresis (PAGE). Gel-purified oligonucleotides were annealed by heating to 80 C and slow cooling, and checked by 15% native PAGE.
UV irradiation. Irradiation was performed in siliconized 0.5 ml eppendorf tubes by exposing DNA samples to a single UV-laser pulse ( = 266 nm t = 4À5 ns, energy 0.1 J/cm 2 ) provided by the fourth harmonic generation of a Q-switched Nd:YAG laser, as described in (15, 20) . This was carried out in 10 ml aliquots (c = 1 nM) in TE, 25 mM NaCl buffer. The temperature was adjusted by storing the tubes in a PCR machine, programmed for stepwise temperature raising. After irradiation the samples were run on a sequencing gel that allows us to collect data for crosslinking, purified and analyzed by sequencing gel electrophoresis after Fpg or piperidine treatments.
Sequencing gel electrophoresis analysis. After irradiation the DNA samples were run on sequencing gel electrophoresis. The wet gel was exposed for phosphorimagery and the digital image was used for quantification of the cross-linked DNA. Note that on denaturing gels the cross-linked DNA strands migrate slower than the single stranded oligonucleotide, with a migration speed that depends on the position of the cross-linked GC base pair. This, and the partial piperidine lability of the inter-strand adducts, were used for the assignment of the slow-migrating bands. The same gel was also used for purification of the irradiated full-length oligonucleotides before cleavage. This purification step was necessary to exclude the partially piperidine-labile inter-strand adducts and the background level of the laser-induced direct single-strand breaks from the R Fpg /R pip measurement.
Irradiated gel-separated full-length oligonucleotides were eluted, passed through Sephadex G50 column, ethanol precipitated, resuspended in 20 ml TE with 30 mM NaCl buffer, 1 mM DDT and 100 mg/ml BSA, annealed and split in two 10 ml aliquots. One aliquot was incubated at 37 C with 4 ng of Fpg and the other with 1M piperidine at 90 C for 30 mn. The samples were lyophilized, resuspended in a formamide loading buffer and run on 15% sequencing acrylamide-8M urea gel. The dried gels were exposed to a phosphorimager screen and the images (as shown in Figure 3 ) were read out and quantified by a Fuji phosphorimager to determine the ratio R Fpg /R pip for each band, i.e. at each cleavage site. The quantification of R Fpg /R pip at each guanine site is done by the measurement of the cleaved fragments of DNA molecules radioactively labeled at one end with standard biochemical methods.
The different steps of the experiment are illustrated schematically on Supplementary Figure S2 .
Experiments with sequences S1, S4, S5 were triplicated and with S2 and S3 duplicated. The reproducibility of the absolute values of room temperature ratio in fully independent experiments was 5-10%. Within a given experiment the relative error on the ratio was below 5% for ratios above 1.5 and slightly above for smaller ratios.
Differential scanning calorimetry experiments
Differential scanning calorimetry (DSC) measurements were performed using a Nano-Differential Scanning Calorimeter III Model CSC 6300 at a rate of 1 C/min. DNA samples were HPLC purified commercial oligonucleotides bought from Eurogentec. All samples were prepared in 100 mM NaCl, 10 mM TRIS and 50 mM EDTA buffer. The excess specific heat shown in Supplementary Figure S3 was computed by removing pre-and post-transitional baselines determined by fitting straight lines to the curve before the first transition and after the main peak.
Selection of sequences based on biological fragments
While sequences S1, S2, S3 were specifically designed for this study, sequences S4 and S5 belong to fragments found in different genomes. We performed a massive database search using both BLAST (http://blast.ncbi.nlm.nih.gov/) and RSAT (http://rsat.ulb.ac.be/rsat/) (18) . We found, with a high degree of identity, the pattern (w) m (N) p wwACGA, with 9 m 12, 4 p 6 in multitude parts of genomes belonging to either eukaryotic and prokaryotic organisms. Note that this pattern keeps the main idea explored in this work: having a large AT-rich domain separated by a buffer region from the main probe labeled G 1 used along all our experiments.
The exact pattern selected in S4, has been found in different portions of 36 independent genes, belonging to the same or to a different organism. Similarly, the exact pattern of S5 was found identically in 12 genes of Figure 2 . Sequences of the DNA fragments investigated in this study. All the sequences contain a low-stability AT-rich region (yellow highlighted) able to nucleate temporal intermittent partial opening (DNA bubble). Guanines along the 5 0 -3 0 strand are used as molecular probes. S1, S2, S3 are artificial sequences containing a large TATA box motif (modified in sequence S2) and S4 and S5 are natural sequences from DNA promoter regions of genes in E. coli 536 (bases À28 to À5 in gene ECP-0995) and Y. pestis CO92 (bases À42 to À20 in gene YPO2592, respectively. All fragments have been completed by GC-rich terminal domains (marked as white boxes) to stabilize these short DNA helices. the bacteria Y. pestis and Y. pseudotuberculosis, (see Supplementary Figure S4) .
Most of the regions were these patterns are located, have relevant biological importance. In order to reduce the number of candidates, we decided to restrict our selection to portions of promoters, À80 to +20 around the transcription-starting site (+1). This is a crucial region for gene expression and for the attachment of all the molecular machinery involved in transcription.
Therefore, we constructed sequence S4 with a portion of the gene ECP-0995, from E. coli 536 (bases 1053574 to 1053595 in the genome). This region is part of a promoter (À28 to À5) related to the expression of trimethylamine-N-oxide reductase 1 precursor (19) . On the other hand, Sequence S5 contains the portion of the gene YPO2592 from Y. pestis, CO92 (bases 2914936-2914959 in the genome). This region is part of a promoter À42 to À20 possibly related to the expression of a hypothetical protein similar to Streptococcus pneumoniae transmembrane protein CAP33FM TR:O86896 (EMBL:AJ006986) and to internal region of Campylobacter jejuni probable enterochelin uptake permease CeuC TR:Q9PMU6 (EMBL:AL139078).
RESULTS
In order to answer the question raised in the introduction, we use a novel physicochemical methodology able to provide a mapping of the structural fluctuations along a DNA molecule.
Although this is generally achieved with the help of special molecular constructs involving a dye or a fluorophore (20) , only specific sites can be observed and DNA may be locally perturbed by the probe. Our method does not need any external additive or structural modification to the DNA under study (see 'Materials and Methods' section for the rest of details). As we have discussed, the value of the relative yield of the two types of biochemical reactions at each guanine site that we show along this section, R Fpg /R pip , provides a measure of the degree of helicoidal stacking at the probe site. In addition, its decay versus temperature has been found to follow the decay of the local helicoidal structure as the melting of the duplex proceeds (15) . As a result, we get a collection of snapshots of the structural states around all the guanine sites on a radio-labeled strand.
In summary, every guanine acts in this method as an intrinsic molecular probe for the local structural stability of the DNA helix. Instead of the melting curve for a full DNA segment we record the local structural evolution resolved in space.
The set of DNA fragments selected for our study are described in Figure 2 . In a first step, let us focus on three of them, S1 to S3, which were specially designed for this study. As a common peculiarity they contain a TATA box segment included to investigate its particular structural effect and its range of influence. The relevance of this particular motif in genetics, which was the first identified core promoter element and plays an important role in the case of TATA-dependent genes, is well known (21) .
The first test sequence (S1) includes a large TATA box of 9 bp. We focused our attention on two Guanines that belong to the strand marked 5 0 À3 0 in Figure 2 . Probe G 1 is separated from the TATA box by a buffer region made of 7 bp, including two strong GC pairs. Probe G 2 is adjacent to the TATA box. Figure 3 shows the temperature dependence of the ratio R Fpg /R pip for the two probes. As discussed in 'Materials and Methods' section, values of R Fpg /R pip for different probes cannot be considered as quantitative measures to compare the closing probability of different base pairs because they also depend on the average configuration of DNA near the guanine probes. Conversely, for a given probe, the variation of the ratio R Fpg /R pip provides a quantitative measure for the evolution a base pair in the helix stacking conformation.
Nevertheless, the much larger value of R Fpg /R pip for probe G 1 far from the TATA box than for probe G 2 next to it suggests that, at room temperature, the probability for a GC pair to remain closed in an helicoidal conformation is significantly reduced when it is next to the TATA box on the 5 0 side. This is consistent with an earlier theoretical analysis that showed that a GC pair adjacent to a TATA box on the 5 0 side has an opening probability that is strongly enhanced (22) .
For both probes G 1,2 we notice a sharp drop when the temperature is raised above about 55 C. It corresponds to the thermal denaturation (melting), i.e. the complete separation of the strands, in the domain monitored by the probes. There is a second important result to notice on Figure 3b ). The signal for probe G 1 , which stays roughly constant from room temperature to 38 C starts to decay at this temperature with a slope much smaller than the slope near the melting temperature, but nevertheless significant. This peculiarity appears clearly as a small side peak if we compute the derivative versus temperature of a smooth curve passing by all the points of the signal of probe G 1 , as shown in the inset of Figure 3b ). The same phenomenon is not detected for probe G 2 , adjacent to the TATA box, since it strongly feels the destabilizing effect of the TATA box even at room temperature.
This observation suggests that, in the temperature range 38 À 55 C, the premelting effect in the TATA box (6,9) extends its influence as far as probe G 1 , i.e. at least 7 bp away. Strikingly, the same two-phase decay (premelting and melting) is observed in the cross-linking yield of probe G 1 (Figure 4 ), but not for the GC pairs at the ends of the sequence, which provides an independent confirmation of this effect. (More details of this cross-check in Supplementary Data)
The molecular sketch of Figure 1 , based on sequence S1, points out the significance of this result, showing how far the influence of an AT-rich region may extend in the molecular structure of DNA.
Further tests on specific sequences were done in order to test and evaluate the range of this effect. The first one was to modify the TATA box to reduce the premelting (sequence S2 in Figure 2 ). The second one was to move the probe farther to test the range of the influence of the AT-rich region (sequence S3).
For the first check the TATA box has been modified by introducing two stronger GC pairs in this weak AT region. These isolated mutations, acting as 'impurities' in the track, are expected to be unable to fully prevent the tendency of the TATA box to open below the melting temperature, but constrain its fluctuations. This point has been checked by differential scanning calorimetry (DSC) of DNA in solution, a particular thermoanalytical technique able to determine the specific heat of the sample versus temperature, allowing to detect fine energy variations associated to conformational changes with great sensitivity.
DSC results for sequences S1 and S2 are shown in the Supplementary Data. In summary, they point out the existence of a main peak in the specific heat, directly associated to the melting of the double helix, preceded at lower temperature by an additional smaller peak that can be understood as a signature of an increase of the energy fluctuations prior to melting, attesting to the existence of pre-melting effects in both sequences. However, for sequence S2, in which the TATA box is constrained by GC pairs, the data show that the precursor peak appears at a temperature closer to melting, which confirms that premelting is less pronounced for sequence S2 as expected from its design.
On the other hand, sequence S3, leaves the TATA box intact but extends the buffer region that separates it from probe G 1 . In addition, we made it less prone to fluctuational opening by including GC pairs within the buffer. A common bonus in these new sequences is that they introduce additional Guanines which can be used to probe the state of the DNA molecule at new positions.
UV irradiation results for sequences S2 and S3 are shown in Figure 5 . When the TATA box is stabilized by two GC pairs (sequence S2), the melting transition is slightly raised and the precursor effect, leading to a linear decay of the closing probability of probe G 1 below the melting temperature, is still observed. However, it starts at 49 C instead of 38 C. We must emphasize that this result is quantitatively meaningful because the probe is exactly the same as in sequence S1, including the neighboring bases since only 2 bp inside the TATA box have been modified. Therefore, such a significant change demonstrates that a mutation in the TATA box has a noticeable effect 10 bp away from the first mutation in the sequence. Probes G 3 and G 4 inside the modified TATA box show moderate room temperature values of R Fpg /R pip , what means a possible medium stable helical conformation. Since the neighboring bases to both probes are not exactly the same as in G 1 or G 2 , these values should only be considered as a qualitative indication rather than a quantitative measure due to the sequence effects.
The experiment with sequence S3, which has a longer buffer region and a higher GC content between the unmodified TATA box and probe G 1 , shows that the influence of the TATA box does not extend as far as 14 bp. Probe G 5 that is only 10 bp away from the TATA box shows a very small precursor effect, much weaker than probe G 1 in sequence S1. This is not surprising since probe G 5 is 2 bp further away from the TATA box than probe G 1 , and moreover the additional GC pair (probe G 6 ) that separates probe G 5 from the TATA box tends to insulate it from the fluctuations of the TATA box. Probe G 6 , which is only 5 bp away from the TATA box does not show precursor effects, pointing out the role of the local environment, for instance by comparison with probe G 5 that is surrounded by two AT pairs while probe G 6 is flanked by a GC pair on the side of the TATA box.
To summarize our results so far, all the observations obtained with artificially designed sequences converge to a consistent perspective: premelting effects in an AT-rich region such as the TATA box influence the fluctuations and conformation of DNA to some distance, about 10 bp away, inducing a non canonical conformational state prior to the full melting. Such an effect is strongly attenuated upon Guanine-Cytosine mutation in particular positions.
Our theoretical study (see Supplementary Data) also confirms a relationship between the size and stability of the bubble and buffer segments with respect to the effect exerted in distant regions.
DISCUSSION
In order to assert the possible biological significance of our results, we must prove that this phenomena is not a specificity of the artificial sequences that we designed. It should also occur in natural DNA sequences containing typical AT motifs like the ones that appear in many genome regions.
In particular, AT rich fragments are a common feature within promoter regions, having crucial functions in the process of transcription. For instance, in the case of TATA dependent genes (21, 23) , this well known core promoter element plays an important role promoting the transcription either by itself or in cooperation with other core promoters elements (24, 25) . In bacterial promoters, the UP element, located immediately 5 0 to the À35 element, (À40 and À60) has also a recognizable pattern of AT-rich sequences. It takes part in the promoter recognition mechanism (26) and enhances RNA polymerase binding by complexing with a-subunits and stimulates the intrinsic transcription observed without an UP element (27, 28) . A particular study also has found in the lac promoter that a specific AT-rich 10-bp sequence around the À15 position seems to enhance both RNA polymerase binding and open complex formation (29) .
Our goal here was to identify in genomes similar AT-rich patterns to our artificial ones, and test their influence over a distant region. Therefore we performed an exhaustive study and database search (18) in genomes from different eukaryotic and prokaryotic organisms, (details are given both in 'Materials and Methods' section and in Supplementary Data). The search pattern (w) m (N) p wwACGA, where w stands for weak, i.e. A or T, and N for any nucleotide, with 9 m 12, 4 p 6, was chosen in order to have a large AT-rich domain separated by a buffer region from the same probe G 1 used in the previous experiments, including the base pairs on each side. It is interesting to note that this pattern was found in a wide variety of genes in different organisms. We finally restricted our selection to promoter portions between À45 to +20 around the transcription-starting site (+1), due to the previously mentioned importance of AT-rich motifs in such regions.
The two examples chosen for our study, are segments existing in genes from bacteria E. coli 536 (ECP-0995) and Y. pestis CO92 (YPO2592). They correspond to sequences S4 and S5 shown in Figure 2 . The fragments contain the exact ACGAT pattern of probe G 1 to allow us to make quantitative comparisons with previous experiments. They also include another guanine adjacent to the AT region, but with an environment slightly different from probe G 2 in sequences S1 to S3. Therefore a quantitative comparison between the results for these probes G 7 and G 8 and the previous results for probe G 2 should be made with caution. A major difference with the artificial sequences is that the reference probe G 1 is on the 3 0 side of the AT-rich region. The temperature variation ratio R Fpg / R pip for the guanine probes of sequences S4 and S5 is plotted in Figure 6 .
The first noticeable result is that the 3 0 side and the 5 0 side of an AT-track have very different properties. This is attested by the measures of R Fpg /R pip for probes adjacent to the AT motif. While probe G 2 on the 5 0 side in sequences S1, S2, S3 showed a very large departure from the native helix configuration, probes G 7 and G 8 , on the 3 0 side in sequences S4 and S5 show instead a high helicoidal character. This asymmetry has already been observed in a theoretical calculation of the opening probabilities of GC pairs adjacent to a TATA box (22) .
More importantly, our measurements of R Fpg /R pip for probe G 1 in the natural promoter sequences S4 and S5, plotted in Figure 6 , show that the same signature of precursors effects to melting, induced by the influence of a distant AT-rich region, is observed, as for probe G 1 in our reference sequence S1.
Further studies of mutations in the AT-rich motif are needed to clarify the limit of the effect in gene promoter regions and the possible biological consequences.
CONCLUSION
In conclusion, we throw a new light on the biophysics of DNA providing a unique measure of the correlation length of the conformational fluctuations of DNA. We have confirmed that large premelting fluctuations in AT-rich regions are able to influence the helicoidal structure and stability of the molecule over a significant distance. Our findings suggest that the effect appears to be particularly strong 10 bp away from the AT-rich region, i.e. after a full turn of the double helix. This suggests that geometrical effects play a role in our observations. A possible important consequence derived from this fact concerns current sequence analysis protocols, suggesting that they might have to consider this kind of 'long-range' effect to be meaningful.
It is important to notice that the existence of precursor effects and their influence far away from the AT-rich motifs is not a specificity of our artificial reference sequence. They do exist in natural promoter sequences with relevant biomolecular implications, and may extend as far as 11 bp away from the AT-rich region (sequence S4). A transcription factor binding site profile (30) shows that the studied sequences contain possible binding sites for 5-7 recognized transcription factors, which implies that the precursor effects detected may cover several protein-binding domains along the promoter sites.
Since precursor effects were found in a sequence pattern that exists in the promoter regions of genes in a large variety of organisms, the spatial correlations revealed by these experiments could have biological implications by contributing to the cooperative effects needed to assemble the molecular machinery that forms the transcription complex. Our results suggest future research on the possible role of structural fluctuations of a neighboring AT-rich region in protein binding to DNA or DNA-drug interactions.
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